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The structure of ionized 1,5-hexadiene, prepared by charge transfer between 1,5-hexadiene
and CS2
1z, is examined using energy-resolved collision-induced dissociation (CID). By com-
paring the product distributions and product appearance curves with those of authentic
low-energy C6H10
1z ions, it is determined that 1,5-hexadiene cation spontaneously rearranges to
cyclohexene cation in the gas-phase. The proposed mechanism for formation of cyclohexene
cation in the gas phase is analogous to that determined for this process under matrix isolation
conditions, where it proceeds via a Cope rearrangement to the cyclohexane-1,4-diyl cation,
followed by isomerization to cyclohexene cation. It is shown that electron ionization (EI) of
1,5-hexadiene gives a different molecular ion than is obtained upon chemical ionization (CI).
The energy-resolved CID mass spectrum for the EI product is consistent with what would be
obtained for a mixture of low energy ion isomers. (J Am Soc Mass Spectrom 2001, 12,
840–845) © 2001 American Society for Mass Spectrometry
The differentiation of C6H10 isomers by using massspectrometry presents a formidable challenge.Electron impact mass spectra [1] of most isomers
have few distinguishing features, with a base peak of
C5H7
1 corresponding to loss of methyl radical and few
characteristic products. The only notable exceptions to
this trend are 1,5-hexadiene, which cleaves upon elec-
tron ionization to form allyl cation as the base peak, and
cyclohexene and cyclobutane derivatives, which give
predominant C4H6
1z (m/z 54) products. Therefore, sim-
ple EIMS is not an effective tool for determining struc-
tures of C6H10 isomers. Accordingly, more sophisti-
cated approaches have been employed. For example,
Wolkoff and Holmes [2, 3] carried out kinetic energy
release measurements with metastable ions and deter-
mined that the loss of methyl radical occurs via rear-
rangement to 1-methylcyclopentene cation. The kinetic
energy release values for methyl loss for the most part
distinguish the different classes of hydrocarbons, in-
cluding bis-alkenes, rings and alkynes. Similarly, Har-
rison and co-workers [4] and Turecˇek and Gu [5] have
employed the techniques of negative ion CI and survi-
vor-ion MS, respectively, to the identification of C6H10
isomers.
In order to carry out studies of the rearrangements
and reactivity of radical cations, we required a means
for characterizing C6H10
1z ions. Whereas it has been
shown that the ions are distinguishable on the basis of
their photodissociation spectra [6], more readily avail-
able MS techniques such as CID are generally not of
great use. For example, a high energy CID study of
C6H10
1z cations [7] found that, with few exceptions, the
ions dissociate predominantly by loss of methyl radical
to give C5H7
1, cyclopentenium ion, with few additional
products. The cyclohexene ion is one system that does
give characteristic products [8], including significant
amounts of the butadiene ion, which results from a
reverse Diels-Alder reaction [9–12], and allyl cation in
addition to cyclopentenium.
In this work, we use energy-resolved CID to deter-
mine the structures of C6H10
1z cation isomers. We show
that, except for cyclohexene, C6H10
1z ions typically frag-
ment by loss of methyl radical upon CID, as was
observed previously [7]. However, whereas the stan-
dard CID mass spectra are similar for most ions, it will
be shown that the C6H10
1z ion isomers can be distin-
guished on the basis of the energy resolved CID mass
spectra.
By using this approach, we examine the structure of
ionized 1,5-hexadiene, 11. Among the C6H10 isomers,
1,5-hexadiene is unique. For example, whereas C5H7
1 is
formed upon electron ionization of this molecule [1], it
is one of two isomers (along with 1,19-bicyclopropyl)
where the methyl-loss product is not the most abundant
fragment ion in the mass spectrum. The formation of
C5H7
1 upon ionization of 1 has been investigated by
Wolkoff and Holmes [13], who concluded from deute-
rium labeling studies that the metastable ion undergoes
3,3- (Cope-like) and 1,3-allylic shifts before decomposi-
tion. The possibility of a Cope rearrangement of the
1,5-hexadiene cation is intriguing. Williams and co-
workers have [14–16] investigated the chemistry of
ionized 1,5-hexadiene in chlorofluorocarbon matrices
Published online May 10, 2001
Address reprint requests to Dr. P. G. Wenthold, Department of Chemistry,
Brown 1393, Purdue University, West Lafayette, IN 47907-1393. E-mail:
pgw@purdue.edu
© 2001 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received October 30, 2000
1044-0305/01/$20.00 Revised February 21, 2001
PII S1044-0305(01)00252-5 Accepted February 22, 2001
and have found that it spontaneously cyclizes via a
Cope rearrangement to the cyclohexane-diyl cation, 21.
Subsequent irradiation results in the formation of the
cyclohexene radical cation, 31 (eq 1).
Although Wolkoff and Holmes [13] showed that the
metastable 1,5-hexadiene ion undergoes Cope rearrange-
ment before dissociating, the results reported by Williams
[14–16] led us to consider the equilibrium structure of
ionized 1,5-hexadiene to see whether the ion would un-
dergo spontaneous Cope rearrangement in the gas phase,
as it does in the matrix. Previous studies of the structure of
1,5-hexadiene ion have been carried out, but are inconclu-
sive. In an early photodissociation study, Dunbar and
co-workers [6] concluded that the cation, prepared by
electron ionization, does not isomerize to a conjugated
diene isomer. Wolkoff and Holmes [13] allude to colli-
sional activation mass spectra that show that 11 does
not have a 1,3-, 1,4-, 2,4-hexadiene, cyclohexene, or
1-methylcyclopentene structure. These studies have
been interpreted to indicate that ionized 1 maintains a
1,5-hexadiene structure in the gas phase [13].
In the previous studies of the structure of 11, the ions
were prepared by EI of the hydrocarbon precursors. This
is significant because the molecular ion is only a small
fraction of the total ion signal in the EI mass spectrum [1],
with an intensity that is ca. 1% of that for the base peak
ion. In this work, we generate ion 11 by charge transfer in
the high-pressure conditions of the flowing afterglow,
where the molecular cation is the major product ob-
served. We show that ionized 1,5-hexadiene prepared
under these conditions spontaneously cyclizes to cyclo-
hexene cation, suggesting that 11 undergoes a sponta-
neous Cope rearrangement in the gas phase.
Experimental
All the experiments were carried out in a flowing
afterglow-triple quadrupole instrument that has been
described previously [17]. During the experiments, he-
lium buffer gas was maintained in the 1 m 3 7.3 cm
flow reactor at a total pressure of 0.4 torr, with a flow
rate of 200 cm3/s (standard temperature and pressure)
and bulk flow velocity of 9700 cm/s. The C6H10
1z ions are
produced by CI with CS2 in the upstream end of the
flow tube. We find that the amount of M1z is often
affected by the flow of CS2, and set it to maximize the
yield of m/z 82 and minimize the amounts of m/z 81 and
83 ions that may form. The ions in the flow tube,
thermalized to ambient temperature by ca. 105 collisions
with the helium buffer gas, are extracted from the flow
tube through a 1 mm orifice, and then focused into a
commercial triple quadrupole analyzer.
CID is carried out by selecting the ions with the
desired mass-to-charge ratio by using the first quadru-
pole (Q1), then injecting them into the second quadru-
pole (Q2, radio-frequency only), where they undergo
collisions with argon target. Appearance curves are
obtained by monitoring product formation while the Q2
rod offset is scanned. The reactant and product ions are
analyzed with the third quadrupole (Q3) and are de-
tected with an electron multiplier operating in pulse
counting mode.
Results
In this section, we report our studies of the structures of
C6H10
1z cations. First, we describe an energy-resolved
CID approach for the determination of the structures of
the C6H10
1z ions. In the last part, we use this procedure to
determine the structure of ionized 1,5-hexadiene.
C6H10 Isomers
The relative yields of the CID products of C6H10
1z cations,
prepared by the reaction of the corresponding hydro-








m/z 67 m/z 54 m/z 41
Cyclohexene 31 1.00 1.08 0.44 858
l-methylcyclopentene 41 1.00 0.02 0.02 824
methylenecyclopentane 51 1.00 0.06 0.03 849–874
2,4-hexadiene
d
61 1.00 0.03 0.02 833
1,4-hexadiene 71 1.00 0.07 0.03 941
trans-1,3-hexadiene 81 1.00 0.05 0.03 879
3-methyl-1,3-pentadiene 91 1.00 0.03 0.03 854
2,3-dimethyl-1,3-butadiene 101 1.00 0.55 0.12 879
a
15 eV (lab) CID with argon target; branching ratios are taken from replicate measurements, with uncertainties of 60.10.
b
Generated by electron transfer between CS2
1z and the corresponding C6H10 isomer.c
Calculated from the enthalpy of formation and ionization potential of the neutral, with values taken from reference 17, in kJ/mol.
d
Mixture of cis and trans isomers.
(1)
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carbons with CS2
1z in the flowing afterglow, are listed in
Table 1. CID was carried out at 15 eV (lab frame) with
argon target (P[Ar] 5 85 mtorr). The corresponding
center-of-mass collision energy is 4.9 eV. The C6H10
isomers examined in this study were chosen because
the energies of their molecular cations [18] are generally
within ;50 kJ/mol of that for the 1-methylcyclopentene
ion, 41, the lowest energy isomer. The main CID
product observed for almost all of the ions examined is
m/z 67, C5H7
1, with m/z 41 and m/z 54 also observed in
yields that are generally less than 10% of the total signal
[7]. Dissociation of cyclohexene cation gives a signif-
icantly different pattern, with the butadiene cation,
m/z 54 as a significant product and relative yields of
m/z 41: m/z 54: m/z 67 of ca. 0.4:1:1, respectively.
Therefore, aside from cyclohexene, it is clear that the
CID product distribution does not distinguish the
C6H10
1z cations.
Whereas the CID product distributions are similar
for most C6H10
1z cations, energy resolved CID mass spectra
are characteristic for each. Normalized appearance curves
for m/z 67 products from the cyclic ions (cyclohexene,
1-methylcyclopentene and methylenecyclopentane) are
shown in Figure 1a. The highest energy onset among
the cyclic ions is observed for the 1-methylcyclopentene
ion, consistent with what is expected given that this is
the lowest energy of the three isomers (eq 2).
Cyclohexene and methylenecyclopentane ions dissociate
at lower energies than does 41, as expected for higher
energy ions (Figure 2) that fragment to give a common
product (eq 3) with similar kinetic energy release [2, 3].
Appearance curves for linear isomers of C6H10
1z cations
are shown in Figures 1b and c. Unlike those for the
cyclic isomers, the onsets for acyclic ions are generally
similar to or higher in energy than that for 1-methylcy-
clopentene. The onsets are likely higher for the cyclic
ions because, although less energy is required for
dissociation, the rearrangement to 1-methylcyclopen-
tene ion and subsequent loss of methyl occurs with a
barrier in excess of the reaction endothermicity and/or
is slow on the experimental time scale. This result is
consistent with Wolkoff et al.’s [2, 3] observation that
loss of methyl from acyclic isomers generally has a
larger kinetic energy release than that for cyclic ions.
Many of the appearance curves for the linear isomers
resemble each other and that for 1-methylcyclopentene
(2)
(3)
Figure 1. Relative yields of the m/z 67 fragment obtained upon
CID of cyclic (a) and acyclic (b and c) C6H10
1z ions as a function of
the collision energy in the lab frame. The appearance curve
obtained from 1-methylcyclopentene cation is included in each
plot for reference. The solid line that connects the data points is
provided as a guide. Labels correspond to the ions listed in Table 1.
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ion. However, there are subtle, reproducible differences
in the shapes of the curves even though they are
obtained under the same instrumental conditions.
Moreover, even if the appearance curves for a given
fragment are similar (cf 1-methylcyclopentene and 1,3-
hexadiene), the appearance curves for the minor frag-
ments can be compared and are found to be signifi-
cantly different. Therefore, energy-resolved CID can be
used to distinguish the C6H10
1z cations.
The Structure of Ionized 1,5-Hexadiene
In this section, we investigate the structure of ionized
1,5-hexadiene by comparing its CID mass spectrum
with those described above. The major product ob-
served in the reaction of CS2
1z, generated by EI of CS2,
with 1,5 hexadiene in the flowing afterglow is the M1z
ion, m/z 82. Other products formed in the reaction
include m/z 81, 80, and 67, corresponding to C6H91,
C6H8
1z and C5H7
1, respectively, resulting from the loss of
one or two hydrogen atoms or a methyl radical. The
product distribution differs significantly from that ob-
tained upon EI of 1,5-hexadiene [1], where the main
product is the allyl cation and the M1z ion is ,1% of the
base peak. Formation of allyl ion in the reaction of CS2
1z
with 1,5-hexadiene is ca. 15 kcal/mol endothermic and
therefore the m/z 41 ion is not observed at all.
The CID mass spectrum of the 1,5-hexadiene M1z ion
taken at 15 eV (lab frame) is shown in Figure 3. Both m/z
54 and m/z 67 are observed as major products in the
spectrum. Formation of m/z 41, allyl cation, is also
observed. The ratios of the peaks at m/z 67, 54, 41 are
found to be 0.4/1/1, in excellent agreement with those
listed in Table 1 for cyclohexene radical cation and
significantly different from all the other isomers listed,
strongly suggesting that the radical cation of 1,5-hexa-
diene rearranges to cyclohexene radical cation. In order
to verify that the similar product distributions are not
coincidental, CID appearance curves for the three prod-
ucts were measured for each ion, and they are shown in
Figure 4. The onsets and shapes of the m/z 67, 54 and 41
appearance curves obtained from ionized hexadiene or
cyclohexene under the same instrumental conditions
are indistinguishable from each other, indicating that
the ion derived from 1,5-hexadiene has isomerized to
cyclohexene. If the spectra were from two different ions,
then to obtain the same appearance curves would
require that the combination of energy and entropy
requirements would be coincidentally the same for all
three products. As shown in Figure 1, slight differences
in structures generally lead to detectable differences in
appearance curves for any given product. Therefore, to
obtain the same curves for three different products by
coincidence is highly unlikely.
The CID behavior of ionized 1,5-hexadiene is depen-
dent on the flow of CS2. The spectrum shown in Figure
3 is obtained at CS2 flows of 0.2 cm
3/s and higher.
Without CS2, the peak at m/z 67 dominates the CID
mass spectrum and the peaks at m/z 54 and 41 are
nearly absent. The difference between the CID mass
spectra measured under the two source conditions
indicates that the ion prepared by electron ionization is
not the same as that obtained by using charge transfer,
highlighting the importance of chemical ionization for
these studies [6, 7]. The appearance curve for the methyl
loss channel for the ion prepared by EI, shown in Figure
5, is different from that obtained under CI conditions,
with a much higher onset for the dissociation, and does
not match those for either 31 or 41, or any of the ions
listed in Table 1. Previous studies of the structure of 11
have noted that the properties of the ion prepared by EI
do not match those for other isomers [6, 13], in agree-
ment with what is observed in this work, and the results
have been interpreted to mean that the 1,5-hexadiene
cation does not rearrange upon ionization. However,
given that ion 11 isomerizes even when formed by CI,
Figure 2. Potential energy diagram for C6H10
1z radical cations. The
dashed lines between energy levels are provided to highlight the
energy differences. The dashed line at the top indicates the energy
of the system in the reaction of CS2
1z with 1,5-hexadiene. The
energy barriers and reaction pathways connecting the structures
are not known. The energy of 21 was estimated by assuming that
the C-H bond dissociation energy in cyclohexyl cation is similar to
that in cyclohexane.
Figure 3. The CID mass spectrum of ionized 1,5-hexadiene with
argon target (P(Ar) 5 0.08 mtorr) at 15 eV (lab) collision energy.
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it is likely that the ion generated by EI also undergoes
rearrangement. Although it is possible that an uniden-
tified isomer is generated in the process, the fact that the
spectrum does not match those for any of the ions
examined in the previous section suggests that it is
more likely that a mixture of ions results. Indeed, the
measured appearance curve for the 1,5-hexadiene cat-
ion generated by EI can be reproduced by using a linear
combination of the appearance curves for cyclohexene
and 1-methylcyclopentene and/or linear ion isomers.
The energy-resolved CID studies described above
indicate that the 1,5-hexadiene ion, prepared by charge
transfer, has the same structure as the ion derived from
cyclohexene. Many lines of evidence suggest that this is
the cyclohexene structure. First, the efficient formation
of m/z 54, the butadiene cation, indicates a facile retro-
Diels-Alder reaction [9], consistent with a cyclohexene
precursor. This reaction pathway has been observed
previously for the dissociation of cyclohexene cation,
but is not observed for the other low-energy isomers.
Similarly, rearrangement of the cyclohexene radical
would be expected to result in the formation of lower
energy isomers, such as 1-methylcyclopentene or 2,4-
hexadiene cations. However, the CID mass spectra for
all three ions are distinct, ruling out isomerization to a
common structure. Lastly, the CID mass spectrum for
the C6H10
1z cation derived from 1,2-dichlorocyclohexene,
assumed to be the cyclohexene cation on the basis of the
structure of the precursor, is indistinguishable from that
obtained from 31. Given that 11 has the same structure
as ionized cyclohexene, we therefore conclude that
1,5-hexadiene ion, prepared by charge transfer, rear-
ranges to cyclohexene radical cation.
Our observation that ionized 1,5-hexadiene rear-
ranges to cyclohexene radical cation is consistent with
the results reported by Williams and co-workers, who
have observed that 11 can be transformed to 31 in
chlorofluorocarbon matrices in a step-wise process via
the cyclohexane-1,4-diyl cation intermediate [14, 15].
However, the reaction has not been observed previ-
ously in the gas phase. The mechanism proposed for the
condensed phase reaction involves an initial Cope-like
cyclization to the 1,4-cyclohexanediyl cation, which has
been isolated and characterized by using electron spin
resonance spectroscopy [14, 15], followed by rearrange-
ment to cyclohexene cation [14]. Given that the gas-
phase Cope rearrangement of 1,5-hexadiene cation has
been proposed by Wolkoff and Holmes to account for
isotope distributions in fragments generated upon EI
[13], it is likely that the cyclohexene cation is formed by
the same mechanism in the gas phase as in the matrix.
Calculations at the B3LYP/62311G* level of theory
[19], as well as those reported by Bauld [20], predict that
the 1,4-cyclohexanediyl cation formed in the Cope re-
arrangement is a stable minimum that is lower in
energy than the 1,5-hexadiene cation (Figure 2), which
is why the ion could be observed in the matrix isolation
experiments. The present results indicate that if 21 is
generated by Cope rearrangement in the gas phase,
then it has enough energy to rearrange to cyclohexene
ion, which means that the energies of the transition
states accessed during the rearrangement must be less
than 0.8 eV higher than the energy of the 1,5-hexadiene
cation DHf,298K (1
1) 5 979 kJ/mol [18] (see Figure 1). In
order to establish that 21 (see Figure 2) is a viable
intermediate in the gas-phase radical cation Cope rear-
rangement, it will be necessary to utilize an approach
wherein the ion is formed with internal energy that is
less than the barrier to isomerization. These experi-
ments are currently underway.
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